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ABSTRACT
Effective non-destructive evaluation (NDE) inspection system and methods are
highly desired in a broad range of engineering applications including thin metal structure
thickness evaluation. Ultrasonic guided waves in thin-walled structures, namely Lamb
waves, have gained popularity as a NDE method. By using the ultrasonic waves in
conjunction with high spatial resolution multidimensional wavefield measurements,
thickness evaluations for thin metals can be achieved. This thesis explores the
configuration and application of a fully noncontact ultrasonic Lamb wave NDE system
for thickness characterization and evaluation of very thin metal plates. We have tested the
actuation and sensing of Lamb waves for thickness characterization in thin aluminum
plates and have studied the application on thin materials including aluminum foils and
nuclear grade Zircaloy cladding material. The non-contact system consists of a pulsed
laser (PL) working in the thermoelastic regime to excite Lamb waves and scanning laser
Doppler vibrometer (SLDV) for sensing the waves and providing high resolution
multidimensional wavefield signals for evaluation. To excite high frequency Lamb
waves, efforts are made on sensing, actuation parameters, and surface enhancement
exploration. The results show that excited Lamb waves can reach frequencies greater than
1000 kHz in plates thinner than 1 mm and are effective in thickness measurement.
Additionally, a preliminary study on carbon fiber reinforced polymer (CFRP) composite
is conducted to explore the potential for applications in other fields.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND AND OVERVIEW
Nondestructive evaluation (NDE) plays a critical role in the structural design and
maintenance of a wide range of industries, including aerospace and nuclear structures.
NDE is a means of inspection, defect/damage detection, and determining remaining
service life which is achieved by employing a variety of noninvasive methods that do not
harm the structure [1]. NDE methods include visual inspection, acoustic emission,
infrared and thermal testing, and ultrasonic testing [2]. Ultrasonic testing has two
subsections: conventional ultrasonic testing based in pressure waves and advanced
ultrasonic testing based in guided waves [1]. The main difference between the two types
of waves is that pressure waves do not require a boundary and guided waves do.
Boundaries of structures such as thin plates cause the different waves to go through
reflections and mode conversions and by superimposing on constructive and destructive
interference the compact guided waves that can travel through the structure are produced
[3][4]. The listed steps for the guided waves contribute to the multi-modal and dispersive
nature in attenuating wave propagation [5]. There are many types of guided waves
including shear horizontal waves, Lamb waves, Rayleigh surface waves, Stonely waves,
etc. [1][3]. Among the ultrasonic waves, Lamb waves have been studied intensively, have
gained popularity as a tool for NDE, and have been applied to various industrial
applications [2]. In this paper, we will be focusing on the use of Lamb waves for NDE.
1

Lamb waves propagate through thin plates and shells with stress-free surfaces and
are capable of propagating long distances with less energy loss compared to alternative
ultrasonic waves, especially bulk waves [2][5]. The character of these multi-modal and
dispersive Lamb waves is governed by the Rayleigh-Lamb equations [6]. These
governing equations are solved to get the frequency-wavenumber domain dispersion
characteristics [5]. The dispersion relations or curves are important because they define
the behavior of wave propagation, specifically the propagating modes and wave velocity
as a function of frequency [5]. Dispersion relations are made up of group or phase
velocity versus frequency, see the example below in Figure 1.1 of the Lamb wave
dispersion curves in a 1-mm aluminum plate [1].

Figure 1.1 1-mm thick aluminum plate theoretical Lamb wave dispersion curves
(a) phase velocity dispersion curves (b) group velocity dispersion curves
We observe from the dispersion curves that there are multiple wave modes which
travel at frequency-dependent velocities. The two wave modes are classified as
symmetric and antisymmetric Lamb waves based on the particle motion pattern with
respect to the midplane. For the 1-mm aluminum plate, the multi modal nature is shown
by the presence of two Lamb wave modes below 1800 kHz with additional modes
making themselves known above the noted frequency. The first or “zeroth order” modes
to show up are denoted A0 and S0 for the base antisymmetric and symmetric modes. As
2

additional modes appear, they are counted A1, A2 and so forth for the antisymmetric
modes and S1, S2 in the same fashion for the symmetric modes. The dispersive nature is
demonstrated by studying one specific Lamb wave mode and noting both the phase
velocity and group velocity vary as the frequency changes. These tendencies reveal that a
single wave input will split into different wave modes and the shapes of the guided waves
will change as they propagate in the structure [1]. To determine the specific dispersion
curves for a material specimen, dependent variables of material properties (Young’s
modulus, Poisson’s ratio, density) and thickness of the specimen are inputted into the
governing equations.
To utilize ultrasonic Lamb waves for NDE, methods are needed for actuation and
sensing of the guided waves. The pitch-catch or pulse-echo methods are commonly
employed where a single actuator is implemented accompanied by a sensing system.
These methods are traditionally used for damage detection, where the actuation excites
the Lamb waves, the Lamb waves propagate through the structure altering their pattern
when reaching any damage, and the sensors collect the altered Lamb waves for
analyzation. The choice of transducers for the actuation and sensing positions are based
on factors such as sensitivity to mechanical responses, contact or non-contact, efficiency
of stress or energy transfer, compatibility with host structure geometry, operation
frequency, environmental conditions, etc [5][7]. Choices of commonly used transducers
include piezoelectric transducers (PZT), fiber optic sensors, pulsed laser (PL), aircoupled transducer (ACT), electromagnetic acoustic transducers (EMAT) and noncontact laser doppler vibrometer (LDV). PZT and fiber optic sensors are contact options
while the PL, ACT, EMAT, and LDV are all non-contact. PZT based transducers such as
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piezoelectric wafer active sensors (PWAS) are the most common due to their economic
value, light weight, and integration ability on the structure [4]. They are also able to
double as actuators and sensors for the guided waves. However, to be effective, arrays of
the transducers are needed as they can only sense or actuate at the spot they are attached
to the structure and can only measure at the one inputted frequency given at that moment.
Fiber optic sensors are popular for damage detection, via measurement of static or low
frequency vibration strains, because of environmental hardiness, inexpensiveness, easy
integrability, light weight, etc [5]. Contact transducers have the issue of requiring
bonding materials to adhere to the host structure. The bonding material can influence the
effectiveness of the contact transducers which is why many researchers’ attentions have
turned to non-contact Lamb wave methods in the recent past [1]. The PL is a non-contact
ultrasonic actuator generally implemented with a high-power laser pulse that can be set
up to be broadband or narrowband depending on the application. The ultrasonic guided
waves are excited by the thermos-elasticity effect which occurs when the material
absorbs the heat from the pulse laser and therefore undergoes surface expansion in the
small area affected (Park). The PL works well with complicated geometries but is
expensive and has the ability to burn the surface of the material if the laser excitation
energy is not well accounted for. ACT is another non-contact transducer as it has a
relatively short stand off distance from the structure and uses air as the couplant to excite
narrow band ultrasonic waves. The ACT has the advantage of not requiring a liquid
couplant however there is the challenge that the transmission of ultrasound between the
ACT and the specimen is inefficient due to the differences in impedance between air and
solid [1]. Another non-contact transducer is the EMAT which uses magnetostriction go
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actuate and sense ultrasonic waves in the narrowband region [9]. It has been applied
across many industries, especially in primary metal manufacturing and processing.
However, while this transducer works very well with metallic or ferromagnetic materials,
it is not compatible with composite materials [1]. Lastly, the LDV is a non-contact optical
measurement for the ultrasonic waves. The laser vibrometer is based on the Doppler
effect and is quite adept at measuring out-of-plane surface velocities while guided waves
are propagating. There are two types of laser vibrometers: one is a single point LDV
which performs a single point measurement and a scanning laser doppler vibrometer
(SLDV) which can measure and record the wave data at multiple points along a
predefined line or area. The SLDV provides an accurate, high resolution, timely imaging
of the wave propagation, for which a contact method would take an array of mounted
transducers such as the PZT.
1.2 MOTIVATION AND PROBLEM STATEMENT
Ultrasonic waves have been studied extensively in NDE for the purpose of
damage detection on a variety of materials for applications in many industries. For
damage detection, narrowband waves in the lower frequency ranges are needed as that is
where the reflections from any defects are found and it limits the congestion from the
multi-modal nature of the waves. This is mirrored in the popular transducers which are
honed to work as narrowband. More recently, a need has arisen for an NDE technique to
verify the thickness and confirm the quality and uniformity of layered structures. The
need is especially critical for coated accident tolerant fuel (ATF) in the nuclear industry.
This thesis explores the configuration and application of a fully noncontact/remote ultrasonic Lamb wave NDE system for the thickness characterization and
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evaluation of very thin metal plates as well as carbon fiber reinforced polymer (CFRP).
Laser generated ultrasound has been studied to excite wideband Lamb waves for NDE
and has gained popularity since they can propagate long distances with less energy loss
compared to alternative NDE methods [10]. By using the ultrasound in conjunction with
multidimensional wavefield measurements, obtained by high spatial resolution
noncontact laser scanning vibrometer, thickness evaluations for thin plates can be
achieved. The non-contact system consists of a pulsed laser (PL) working in the
thermoelastic regime to excite Lamb waves and scanning laser Doppler vibrometer
(SLDV) sensing the waves and providing high resolution multidimensional wavefield
signals for evaluation. Two PL-SLDV setups are explored: excitation and sensing on the
same side of the plate and each on opposing sides, each with advantages and
disadvantages. The capability of the non-contact system to actuate and sense Lamb waves
for thickness evaluation is tested with aluminum specimens first as the use of laser
generated ultrasonic waves have been studied and verified in thin aluminum plates. The
system is then used with nuclear grade Zircaloy cladding material which is a common
cladding material for nuclear fuel rods. To excite the very high frequency Lamb waves
necessary for thickness evaluation, efforts are made on sensing, actuation parameters, and
surface enhancement exploration. Efforts include the selection of appropriate SLDV
decoder, higher excitation energy, excitation surface modification with paint or bonded
thin foils, and sensing surface modification with reflective add-ons. The PL-SLDV
system and efforts towards exciting and sensing high frequency Lamb waves are also
applied to micro thin foils and CFRP materials to test the range of the system as well as
the potential application for alternate industries such as aerospace.

6

1.3 STATE OF THE ARTS
Non-contact laser systems used for the actuation and sensing of Lamb waves for
NDE have grabbed the attention of researchers and have been extensively studied for
decades. This section presents and focuses on the state of the art in the areas on using the
PL for the actuation of Lamb waves and SLDV for the sensing.
While the urgency of the need for a non-contact NDE thickness evaluation
method has recently arisen, the idea and theory have been marinating for a couple of
decades. In 1998, researchers Hayashi, Ogawa, Cho, and Takemoto from universities in
Japan published their work toward the “non-contact estimation of thickness and elastic
properties of metallic foils by wavelet transform of laser-generated Lamb waves” [11].
They recognized that the characteristic velocity dispersion of Lamb waves is dependent
on the thickness, density, and elastic properties of the host material and explored the
feasibility of estimating the material properties from the experimentally obtained velocity
dispersion. Their setup used a Q-switched Nd: YAG laser for actuation and a heterodynetype laser interferometer for monitoring. They included a cylindrical lens and a beam
splitter to aim the laser beam and focus it into a line. The specimens were stainless steel
foils with thicknesses less than 40 µm. From their experiments, they successfully excited
and monitored the A0 and S0 Lamb waves modes with the laser system, were able to
estimate the theoretical group velocity dispersion curves through the wavelet transform,
determined the experimental group velocity dispersion for the foils matched well with the
theoretical models, and the elastic properties and thickness of the thin foils under 20 µm
were estimated from the group velocity dispersion of the A0 and S0 Lamb waves within
3% error.
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More recently, in 2012 Park, Chung, Yeum, and Sohn from the Korea Advanced
Institute of Science and Technology used a Quantel Nd: Yag pulse laser to excite Lamb
waves for creating ultrasonic images for an aluminum rotating blade [8]. With noncontact laser NDE application to rotating objects such as wind turbine blades there are
significant challenges including precisely aiming a laser beam to the target position and
varying/ deteriorating signal to noise ratio from the rotation and vibration. This team
proposed and applied a technique for collecting wind blade information for ultrasonic
generation point localization. Their process used the pulse laser for exciting the Lamb
waves and embedded piezoelectric sensor for wave measurement. They first collected
and stored ultrasonic responses using multiple specific excitation points in the blade
while stationary, where the pulsed laser excitation point is altered and the embedded
sensor position does not change, and then repeated the process with the blade rotating. An
encoder was used to detect when the blade was in the initial position so the pulsed laser
could hit its target. The two sets of data are then correlated based on the excitation point
localization and the ultrasonic images created using the localization results. Using a
rotation rate of 20 rpm, the team was able to effectively excite the ultrasonic waves in the
blade using the pulsed laser. They demonstrated that the proposed localization technique
clearly visualized the ultrasonic wave propagation in the region of interest, but they still
have improvement work with minimizing error in the localization process and addressing
the varying signal to noise ratio.
In the early 2000s, the Dynamics Research Group from the University of
Sheffield explored the use of the SLDV for capturing Lamb waves for damage detection
[14]. They recognize that a large advantage of the SLDV is the ability to detect the
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ultrasonic waves over an area of a structure in a non-contact and timely manner. The
team used piezoceramic discs for actuation of low-frequency Lamb waves and Polytec
PSV-300 SLDV for sensing in two aluminum plates. One plate had an intentionally very
large damage as this was a preliminary test of the equipment and the second the typical
mark used to initiate cracks in fatigue testing. For their experiments, they made sure the
SLDV was set perpendicular to the plate to measure the out-of-plane motions and
observed the constrictions between having a large area, distance of the head from the
specimen, and angle of the laser between the SLDV head and the point on the specimen.
To verify the results of the Lamb wave response collected by the SLDV, the team
performed numerical simulations and they repeated the experiments with piezoceramic
sensing. They determined the results exhibited acceptable agreement between the
different approaches and were able to identify both the large and smaller damages
inflicted on the plates from the gathered amplitude values of the Lamb waves.
The use of the SLDV to obtain time-space wavefield images of propagating Lamb
waves is not confined to metallics. In 2011, researchers Sohn, Dutta, Yang, DeSimio,
Olson, and Swenso used a PZT with an arbitrary waveform generator to excite the
fundamental symmetric and antisymmetric mode Lamb waves and Polytec PSV-400-M4
SLDV to measure the out-of-plane velocity field in composite plates [15]. Their focus
was on detecting delamination and disbond in their composite specimens. They first
tested a 12 ply composite plate with impact-induced delamination that was visible on the
side of impact but was a small dent barely visible on the scanned side. The team was able
to set the spatial grid density of the SLDV at 9 points per centimeter and used a 20 times
averaged time response at each measurement point to improve the signal to noise ratio.
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At these settings, it took the SLDV 40 min to complete scanning a circular area with a 5
cm diameter. They were able to successfully excite and sense the ultrasonic waves in the
composite plate with the PZT-SLDV setup. For the delamination they observed ultrasonic
oscillations at the delamination location significantly after the incident waves were gone.
This phenomenon is described by the waves getting trapped in the delamination and
reflecting from opposite ends to produce standing waves. Using this phenomenon, the
team was able to propose a standing wave filter which is a signal processing technique
that isolates the standing wave components from an obtained wavefield. They were able
to take the processing a step further and create an algorithm to automatically detect
damage by using the standing wave filter and Laplacian image filtering method to detect
outlier intensity values and then determine if they are clustered (actual delamination) or
simply a reflection or noise. It is noted the algorithm does not work with multiple
clusters. The team was also able to successfully detect disbond in a composite wing using
the PZT-SLDV system with the Laplacian image filter to highlight the damage. As the
standing wave filter can only be applied to delamination damage, the type of damage
between disbond and delamination can be identified using this experimental technique
and applying both imaging filters.
While the SLDV has great potential, there are still disadvantages and restrictions
with the scanning area, density of scanning grid points, and time efficiency. In 2022,
Song and Yang discuss a method for accelerating the SLDV noncontact guided wave
array [16]. Some previous efforts towards accelerating guided wave scanning
measurements include the compressed sensing (CS) technique, where a few predefines
spatial sensing points are used to collect guided wave responses and reconstruct dense
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guided wavefield data, and sparse guided wave array, where a small number of
transducers are distributed to obtain guided wave signals and signal processing
techniques including multiple signal classification, delay and sum (DAS) based
beamforming, and sparsity-promoting optimization are applied. With the CS technique
the focus is within the scanned area which restricts the area size, and the sparse guided
wave array approach generally requires baseline data in order to extract scattering wave
components. Song and Yang proposed an accelerated noncontact guided wave array
imaging approach that combines an SLDV noncontact sensing method, CS-based data
reconstruction, and post-processing DAS beamforming. The goal of their proposed
method is to have an accelerated method that does not meaningfully compromise defect
imaging, does not require baseline data, and the performance of defect imaging is strong
against reconstruction error. In essence, they are attempting to reconstruct dense guided
wave array data from sparse array data and use signal processing to image defects from
plate-like structures. They found their proposed method is able to accurately reconstruct
dense guided wave array data from sparsely measured array data given that the peak
signal to noise ratio is above 25 dB, image defects from plate-like structures with a
reduced number of array sensing points, and by using a reduced number of array sensing
points can reduce the time duration necessary to acquire the data with the SLDV.
Lastly, a Lamb wave phased array based on a fully non-contact PL-SLDV system
has been used by a team lead by Zhenhua Tian and Stephen Howden in collaboration
between Duke University and the University of South Carolina towards damage detection
in aluminum plates [17]. Traditional phased arrays are constructed with PZT transducers
boned to the host structure at fixed locations. Using the non-contact SLDV allows the
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flexible construction and design of phased arrays with configurations including linear,
cross, square grid, and circular arrays. In order to analyze the Lamb waves generated by
the PL, this team set out to acquire the time-space wavefield and the transformed the data
to the frequency-wavenumber domain. Then they developed an improved DAS imaging
algorithm to generate an inspection image for damage detection, which uses the Lamb
waves’ frequency wavenumber dispersion relations for the phase delay and backpropagation phase, to address the dispersion effect. The team conducted analytical and
experimental studies to test the PL-SLDV phased arrays with the improved imaging
method against the conventional DAS imaging method. The inspection experiments were
conducted on thin aluminum plates with multiple simulated defects, broadside, and
offside cracks ranging in size from 4 mm to 10 mm. The team successfully excited and
sensed the Lamb waves using the noncontact PL-SLDV phased arrays and their tests
yielded imaging results which clearly highlighted all the defects. It was also found that
the utilization of minimum variance adaptive weighting factors with the improved DAS
imaging algorithm further improved the angular imaging resolution. They determined this
method of phased array imaging is more efficient and requires a small number of sensing
points as compared to alternative methods as well as offering the ability to inspect a large
area from a small sensing area for the use of damage detection and localization.

12

CHAPTER 2
EXPERIMENTAL METHODS AND SETUP
The fully non-contact Lamb wave inspection system employs a noncontact pulsed
laser (PL) for actuation and a scanning laser Doppler vibrometer (SLDV) for remote
temporal-spatial sensing.
2.1 PULSED LASER
For this study a Quantel CFR 400 Q-switch PL is used for actuation. This model
is capable of producing energy up to 332 mJ which is adjustable via a built-in attenuator
from 0%-100%. The produced wavelength is 1064 nm, which is invisible to the human
eye, and has a beam diameter of 5.5 mm. The pulse width of the laser pulse excitation is
7 ns (full width at half maximum) and has a 70 ns delay from the Q-Switch trigger pulse,
see schematic below in Figure 2.1a from the Quantel PL manual.

(a)

(b)

Figure 2.1 (a) Automatic mode timing for flashlamp and Q-switch signals (b) planoconvex focusing lens diagram
The PL excites Lamb waves in the testing plate based on the thermoelastic
regime. When the output laser pulse contacts the surface of the structure it heats the small
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exciting surface area in a short time to create a sudden thermal expansion [2]. As this
heated area is very small, there is a limit to how far the heated metal units can expand.
Once the material surface reaches the boiling point, small nanometers of the expanding
material evaporate, and the recoil effect generates the ultrasonic waves [2].
An accessory to the PL is a plano-convex focusing lens, see the diagram in Figure
2.1b. Adding this lens to the path of the laser intensifies the energy and focuses the point
into a line, which alters the propagation pattern of the subsequently excited Lamb wave
from circular Lamb waves to straight crested Lamb waves.
2.2 SCANNING LASER DOPPLER VIBROMETER
Scanning laser Doppler vibrometer model Polytec PSV-400-M2 is employed for
multidimensional time-space wavefield sensing. To capture the high spatial resolution,
the system scans a predefined line or area by “directing the laser beam to multiple points
through two mirrors inside the laser head driven by galvanometric actuators” [10]. At
each point the laser beam measures the surface particle motion (displacement or velocity)
of the propagating Lamb wave through the Doppler frequency-shift effect on light waves.
The system utilizes the Doppler effect by generating two laser beams: one is sent directly
to the sensor in the head while the other is sent out to the specimen surface. When the
outgoing beam contacts the plate surface, the vibrations of the excited Lamb waves will
slightly alter its frequency and rhythm. The changed beam returns to the head where it is
superimposed on the original beam, allowing for the differences to be detected and
therefore obtaining information about the particle motion. The data acquisition of the
SLDV is controlled by the number of averages per measurement point, sampling
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frequency, sample number, decoder selection, and spatial resolution. The decoder
selection available for the SLDV with the ranges are given below in Table 2.12.1.
Table 2.1 Available SLDV (model: Polytec PSV-300-M2) velocity decoders
Velocity Decoder

𝑚𝑚
𝑠 ⁄
𝑉

Sensing Range

VD-07

1, 2

20 kHz

VD-07

5

100 kHz

VD-07

10, 20, 50

350 kHz

VD-09

5

100 kHz

VD-09

10

250 kHz

VD-09

20

1.2 MHz

VD-09

50, 100

1.5 MHz

VD-09

200, 500

2.5 MHz

2.3 SAME SIDE SLDV SENSING SETUP
The same side set up has the PL and SLDV configured on the same side of the
specimen. This setup is explored to accommodate the inspection limitation where only
one side of the structure is accessible, such as with nuclear cladding materials. The PL is
placed parallel to the specimen and a 45° mirror is inserted to alters the path of the laser
so that it contacts the plate at 90° to achieve maximum thermoelastic strain. A line
focusing lens is also placed in the path of the laser to enhance the laser intensity for wave
excitation and turn the point source into a line source. Using a line source creates a
straight crested Lamb wave which gives a broader range in which the SLDV scanning
line may be maneuvered. The SLDV head is set perpendicular to the specimen so that
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only out-of-plane motions will be measured. A Q-switch box is used to send pulse trains
at a certain frequency to the PL control box to initiate the PL actuation and trigger the
SLDV to synchronize the sensing measurements. Figure 2.2a shows a schematic of the
setup viewed from the top down, Figure 2.2b presents the layout of the excitation and
sensing on the plate itself, and Figure 2.2c shows the laboratory experimental setup.

(a)

(b)
PL head

Specimen

SLDV head

Focusing lens

Mirror

(c)

Safety enclosure

Figure 2.2 PL-SLDV Lamb wave excitation and wideband sensing system same
side experimental setup (a) system schematic (b) actuation and sensing schematic (c)
laboratory setup
Note that due to the safety requirement associated with the class IV pulsed laser, the PL
path must be fully enclosed so as not to allow any reflections to escape. To ensure the
isolation of the beams, an aluminum frame, blackout curtain, and panel system was
erected to enclose the PL and specimen. The placement of the blackout curtain and the
aluminum panels are used to convert between two excitation sensing setups. Note that in

16

the laboratory setup that there is a panel to seal the safety enclosure from the reader’s
point of view and that there is a thick curtain behind the SLDV head for further isolation.
2.4 OPPOSITE SIDE SENSING SETUP
We also set up the system with the PL and SLDV each on different sides of the
plate, as illustrated in Figure 2.3 to verify if the same results are obtained as in the sameside setup and for occasions where both sides of a structure are accessible.

(b)

(a)
Specimen

SLDV head

Focusing lens

PL head

Safety enclosure

(c)
Figure 2.3 PL-SLDV Lamb wave excitation and wideband sensing system opposite
side experimental setup (a) system schematic (b) actuation and sensing schematic (c)
laboratory setup
Observe from Figure 2.3 that the major difference between same side and opposite-side
testing is the placement of the PL and SLDV heads. Here they are arranged on the
opposite side of the testing plate with both laser heads set normal to the specimen for
reasons discussed in the previous section. In this setup no mirror is needed to redirect the
laser because the PL itself can be set perpendicular to the specimen. The line focusing
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lens remains. Figure 2.3a shows a schematic of the experimental setup, Figure 2.3b the
actuation and sensing layout on the plate itself, where the focused line source, and Figure
2.3c the actual setup. The safety enclosure has removable panels which have been taken
off to see the system in Figure 2.3c. When put on, the panels fully enclose the laser with a
small square opening behind the specimen for the SLDV to perform sensing
2.5 THICKNESS EVALUATION OF THIN METAL WITH LAMB WAVES
The main focus of this work is to explore the use of Lamb waves for material
characterization. In order to use the Lamb waves, it is imperative to obtain measurements
in the high frequency range (>600kHz) and validate the theoretical dispersion curves.
Higher frequency ranges are where the dispersion curves of varying material properties
distinguish themselves. To test the capability of the theory, we start with the well-known
material aluminum. Aluminum has been extensively tested with the PL-SLDV system,
including in the VSHM lab, so we already know how to excite and sense strong signals.
For thickness comparison, aluminum 2024-T3 specimens of thicknesses 0.508 mm, 0.635
mm, 0.8128 mm, and 1 mm are tested in the same side experimental setup with a 100 mm
horizontal line scan setup to begin 5 mm from the excitation point. To show how the
thickness changes should affect the dispersion curves, the theoretically calculated A0
mode dispersion curves for the listed aluminum thicknesses are given below in Figure
2.4a. Also shown are the calculated A0 dispersion curves of three different materials of
the same thickness to demonstrate how material properties affect the Lamb waves in
Figure 2.4b. We observe from the Figure 2.4a that the dispersion curves are sensitive to
small changes in thickness, where the A0 f-k spectrum dispersion curves increase in
wavenumber with decreased thickness. Both figures display the pattern of each specific
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curve distinguishing itself more and more with increasing frequency. For example, the

(a)

(b)

Figure 2.4 A0 Lamb wave calculated f-k dispersion curves for (a) varying thickness
of aluminum 2024-T3 (b) varying materials with 0.6 mm thickness
two closest are the 0.6 mm stainless steel 409 and aluminum 6061 dispersion curves. In
the lower end of the frequency range, the two are indistinguishable. Following the curves
into higher frequencies, they start to separate themselves at approximately 1000 kHz and
become more distinct to the upper 2000 kHz limit shown. For thickness or material
property evaluation it is imperative to excite wideband Lamb waves and sense into higher
frequencies in order for this method to be useful.
First the 0.508 mm specimen is tested with the PL-SLDV in the same-side
experimental setup. For all the specimens, the tests are run using the cylindrical planoconvex focusing lens and SLDV parameters 25.6 MHz sampling frequency, 4096
samples, 0.5 mm spatial resolution, and velocity decoder VD-09 20 mm/s/V. This
decoder is chosen for the clear results obtained by doctoral students Zhaoyun Ma and
Wenfeng Xiao in the VSHM lab when used on aluminum specimens. The decoder has an
upper frequency range of 1200 kHz. Aluminum does not require an exorbitant amount of
energy to excite Lamb waves. We started with a low excitation energy of 5 mJ, then
increased up to 20 mJ. For analyzation, the data is transferred from the SLDV data
acquisition system to MATLAB. The time-space wavefield is captured by the system and
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is transformed to the frequency-wavenumber (f-k) domain where the group velocity
dispersion curves are represented through 2D fast Fourier transform (2D FFT). This
Fourier transform signal processing method is used for all tests reported in this thesis.
The experimentally obtained waveforms and f-k spectrums of the 0.508 mm plate 5 mJ
and 20 mJ excitation energy tests are given below in Figure 2.5.

Shock Wave
A0

A0

(a)

(b)

A0

(c)

A0

Shock
Wave

(d)

Figure 2.5 Experimental results of 0.508 mm aluminum plate (a) 5 mJ f-k spectrum
(b) 20 mJ f-k spectrum (c) 5 mJ waveform at x=30 mm (d) 20 mJ waveform at x=30 mm
With the lowest excitation energy, the A0 mode Lamb wave is clearly excited
and sensed through the entire range of the decoder used, up to 1200 kHz. When the
excitation energy is increased, the dispersion curve is consistent in its frequency range
but the signal to noise ratio is significantly decreased. The increase in energy also reveals
a strong band in both the f-k spectrum and the waveform. This is likely a shock wave
created by a plasma eruption from the pulsed laser striking the material surface.
We observe from the above figure that the theoretical curve for the 0.508 mm plate does
not perfectly match the experimental curve. As the theoretical dispersion curves for
aluminum have been verified in previous research, there are several factors that could
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contribute to this including discrepancies in the material properties or thickness from
manufacturing. Here a caliper was used to check the thickness, which was slightly altered
from the advertised sheet by approximately 0.03 mm. By adjusting the theoretical curve
to the measured thickness, we can match the two curves, shown below in Figure 2.6.

Shock Wave

A0

Figure 2.6 Adjusted theoretical curve for alignment with 20 mJ excitation energy
experimentally obtained f-k spectrum for the labeled 0.508 mm aluminum plate
This is a prime example of how this process can be used to verify the thickness of an
applied material. In application, without having access to both sides of the plate, the
adjusting would be purely done mathematically with the theoretical curve to determine
the material property.
Next the 0.635 mm aluminum 2024-T3 specimen is tested. The same experiments
as conducted previously with excitation energies ranging from 5 mJ to 20 mJ are
performed. Results from the 5 mJ and 20 mJ tests are given below in Figure 2.7. For the
0.635 mm specimen, the theoretical A0 mode matches very well through entire
experimentally obtained dispersion curve. We observe that the full range of the velocity
decoder is used, noise reduction is apparent moving from lower to higher excitation
energy, and the shock wave is present as expected from the same-side setup.
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Shock Wave

Shock Wave

A0

A0

(a)

(b

Shock
Wave

A0

(c

Shock
Wave

A0

(d)

Figure 2.8 Experimental results of 0.635 mm aluminum plates (a) 5 mJ 5-k spectrum
(b) 20 mJ f-k spectrum (c) 5 mJ waveform at x=30 mm (d) 20 mJ waveform at x=30 mm
Finally, the experiments are repeated with the two thickest specimens, 0.8128 mm
and 1 mm aluminum 2024-T3. The same pattern is noted and the results from the 20 mJ
excitation energy tests for the two materials are given below in Figure 2.8.

Shock Wave

Shock Wave

A0

A0

(a)

(b)

Figure 2.7 20 mJ excitation experimental f-k spectrum for (a) 0.8128 mm aluminum
plate (b) 1 mm aluminum plate
For both specimens, the theoretical dispersion curve matches very well with the
experimentally obtained curve which reaches to the upper frequency range 1200 kHz
mark. This is very exciting because verifying that the experimental curves match the
theoretical curves means that this method can be used for the material from 0.5 mm to 1
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mm thick aluminum 2024-T3, which is just the beginning of creating a database of these
curves for a wide range of materials.
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CHAPTER 3
ZIRCALOY 4 NUCLEAR CLADDING MATERIAL
The sensing capabilities of the SLDV is tested on nuclear grade Zircaloy 4 plates
from American Elements. Zircaloy 4 is used for nuclear cladding due to its small neutron
capture cross section, corrosion resistance, and mechanical stability [23]. Zircaloy-4 has
Young’s modulus 99.3 GPa, Poisson’s ratio 0.36, and density 6.56 g/cm3. There are two
plates with thicknesses of 0.6 mm and 0.7 mm made to customer order.
3.1 SAME SIDE PL-SLDV CONFIGURATION EXPLORATION
The first system configuration has the PL and SLDV on the same side of the
specimen, described in Section 2.3, to accommodate occasions when only one side of the
structure is accessible. SLDV sensing on the 0.6 mm and 0.7 mm Zircaloy 4 plates is
performed in accordance with the 20 mJ excitation energy from the PL. The tests are run
using the line focusing lens for the excitation directly on the surface of the plates (no
surface enhancements) and the sensing is directly performed on the test sample using the
VD-09 20 mm/s/V velocity decoder. The resulting time-space wavefields measured on
the 0.6 mm and 0.7 mm thick Zircaloy 4 plates are presented Figure 3a and Figure 3b
respectively. Through 2D FFT, the frequency-wavenumber (f-k) spectrums are obtained
and presented in Figure 3.1c and Figure 3.1d.
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(a)

Shock Wave

(b)
Shock Wave

Shock Wave

A0

(c)

A0

(d)

Figure 3.1 PL-SLDV same side experimental setup results using 20 mJ PL
excitation on Zircaloy 4 (a) time-space wavefield 0.6 mm plate (b) time-space wavefield
0.7 mm plate (c) f-k spectrum 0.6 mm plate (d) f-k spectrum 0.7 mm plate
The time-space wavefields show that strong A0 Lamb waves are excited. The spectrums
show that the excited PL waves on the plates are the A0 Lamb wave modes by comparing
to the theoretical dispersion curves which are calculated using the material properties of
the plate. We observe that the experimentally obtained dispersion curves for both plates
reach the frequency of approximately 800 kHz for the 0.6 mm plate and approximately
600 kHz for the 0.7 mm plate. This is not high enough to be useful, therefore exploration
into enhancement techniques to excite and sense Lamb waves in higher frequencies is
necessary. It is also noticed in both the time-space wavefields and the f-k spectrums that
there is a very strong non-Lamb wave. This is very likely the shock wave generated due
to plasma eruption on the surface of the Zircaloy 4 plate which is created from the
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striking force of the PL and recorded by the SLDV, also seen in the results from the
same-side aluminum experiments discussed in the previous chapter.
3.2 OPPOSITE SIDE PL-SLDV CONFIGURATION EXPLORATION
After the appearance of the shock wave in the same side tests, we moved to the
opposite side setup described in Section 2.4. The same tests from the previous section are
run in this configuration: SLDV sensing on the 0.6 mm and 0.7 mm Zircaloy 4 plates
performed using 20 mJ excitation energy from the PL in concurrence with the line
focusing lens (no surface enhancements) and sensing applied directly to the plate using
the VD-09 20 mm/s/V velocity decoder. Figure 3.2 shows the time-space wavefields and
gives the f-k spectrums for the 0.6 mm and 0.7 mm Zircaloy 4 plates.

A0

A0

(a)

(b)

A0

A0

(c)

(d)

Figure 3.2 PL-SLDV opposite side experimental setup results using 20 mJ PL
excitation on Zircaloy 4 (a) time-space wavefield 0.6 mm plate (b) time-space wavefield
0.7 mm plate (c) f-k spectrum 0.6 mm (d) f-k spectrum 0.6 mm
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Here we observe the presence of A0 Lamb waves and, compared to the results acquired
with same side inspection, no shock waves. This is likely due to the shock reverberating
along the outside of the plate therefore it is only revealed by the SLDV data when used in
the same side setup, but further study will be performed in the future to explore the
appearance of the shock wave in the same side setup against the absence in the current
setup. It is observed from the above Figure 3.2 that the experimentally obtained A0 mode
is clearly visible up to approximately 800 kHz for the 0.6 mm plate and approximately
600 kHz for the 0.7 mm plate. This matches the ranges observed in the results from the
same-side experiments in the previous section. To decipher the data accurately, for the
purpose of material characterization, it is advantageous to acquire a strong signal through
a wide range of frequencies. Therefore, the following section addresses efforts to obtain a
higher quality signal at frequencies greater than 600 kHz using the 0.7 mm Zircaloy 4
plate.
3.3 WIDEBAND SENSING ENHANCEMENT VIA SLDV PARAMETERS
For any variable tested for enhancement purposes, only the one studied variable
must be altered at a time. For this purpose, the parameters from the best previous tests are
used to begin with, and as parameters are explored the best of the batch are applied to
future tests. The sensing capability of the SLDV system is mainly dependent on the
sampling frequency and decoder. These variables are explored with the 0.7 mm Zircaloy
4 specimen using the opposite side PL-SLDV setup with the 2D FFT to obtain the
frequency wavenumber spectrum. The sampling frequency is the number of samples per
time taken which greatly affects the amount of noise collected. A range of sampling
frequencies were tested including 12.8, 25.6, and 51.2 MHz. All three sampling
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frequencies produce the same A0 curve in terms of frequency range extent, shown below
in Figure 3.3.

A0

(a)

A0

A0

(b)

(c)

Figure 3.3 F-k spectrum of SLDV sampling frequency study on 0.7 mm Zircaloy 4
(a) 12.8 MHz (b) 25.6 MHz (c) 51.2 MHz
The 12.8 and 51.2 MHz tests are very noisy while 25.6 MHz produces the best
result. Therefore, the sampling frequency 25.6 MHz is used for all subsequent tests. The
selected decoder affects the range of the collected A0 curve, see Table 2.1 in Section 2.2,
with velocity decoder VD-09 having the widest available ranges. We explored the
abilities of velocity decoders VD-09 10 mm/s/V, VD-09 20 mm/s/V, and VD-09 50
mm/s/V with the 0.7 mm Zircaloy 4 plate; results from the velocity decoder tests are
displayed in Figure 3.4.

A0

(a)

A0

A0

(b)

(c)

Figure 3.4 F-k spectrum of SLDV VD-09 decoder study on 0.7 mm Zircaloy 4 (a)
10 mm/s/V (b) 20 mm/s/V (c) 50 mm/s/V
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We observe the clearest, strongest, and longest reaching A0 curve of the tested
settings with decoder VD-09 20 mm/s/V. The VD-09 10 mm/s/V results only reaches to
approximately 400 kHz with a strong signal through the whole curve, the VD-09 50
mm/s/V curve has a strong continuous mode until 200 kHz and weakly continues to 800
kHz, and the VD-09 20 mm/s/V curve is strong through 200 kHz and becomes weaker
until it fades out at approximately 1000 kHz. Therefore, for future tests the VD-09 20
mm/s/V decoder is used unless otherwise specified.
3.4 WIDEBAND EXCITATION ENHANCEMENT VIA SURFACE
ADDITIVES ON 0.7 mm ZIRCALOY-4 PLATE
The quality and range of data obtained is also dependent on the excitation. To
enhance the excitation there are two paths: improving the amount of energy for heating
and improving the absorption of energy (heat). To improve the amount of energy the
excitation energy is increased. We found that with no surface enhancement 30 mJ is the
best level for the 0.7 mm Zircaloy 4 plate as there is no significant increase in clarity or
range of the spectrum at higher levels of energy. This is effective, but the increased
energy inflicts more damage on the plate itself. There is a balance between increasing the
energy and using other methods to enhance the sensing to minimize damage to the
specimen. Therefore, the focus is to improve the absorption of the energy by adding
material to the surface of the specimen to change the thermal properties. For all additive
material tests the SLDV sensing settings are set to a sampling frequency of 25.6 MHz and
decoder VD-09 20 mm/s/V.
Many materials are explored as an additive enhancement for excitation. Materials
added directly to the plate include honey, garnet nail polish, clear nail polish, white spray
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paint, black spray paint, black outdoor acrylic paint, metallic black acrylic paint, copper
foil, aluminum foil, and aluminum tape. All additive materials tests discussed were
initially run using 30 mJ excitation energy and then retested with increased excitation
energy as necessary. The honey was squeezed onto the plate so that there was an even
thickness with enough to fully cover the surface area where the pulsed laser impacts. The
f-k spectrum resulting from the added honey using 30 mJ excitation energy is given
below in Figure 3.5.

A0

(a)

(b)

Figure 3.5 Honey as excitation surface enhancement on 0.7 mm Zircaloy-4 plate
(a) honey applied to the specimen prior to testing (b) resulting f-k spectrum
The honey altered the obtained dispersion curve by increasing the range of the frequency
excited and sensed from 600 kHz to approximately 1200 kHz, which is the top limit for
the frequency range of the velocity decoder. This is a significant improvement. However,
the signal quickly diminishes in strength after the 600 kHz mark and the honey swiftly
departed from its position as soon as the plate was set into place for the experiment.
The nail polish did not positively influence the results in any way, instead it
dissolved the f-k spectrum into a pit of noise. Two types of spray paint, white and black,
are tested to see if the color affects the results. The color white reflects wavelengths of
light while black absorbs them and converts them into heat, so it is expected that if the
paint proves advantageous then the black paint will perform best. Each is sprayed directly
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onto the plate from approximately 6 inches away to create an even, thin layer. The f-k
spectrum results of both spray paint tests are given below in Figure 3.6.

A0

(a)

A0

(b)

Figure 3.6 0.7 mm Zircaloy-4 resulting f-k spectrum from 30 mJ excitation energy
with excitation surface enhancements (a) white spray paint (b) black spray paint
We observe that there is a large difference in the level of noise and strength of the
resulting A0 mode dispersions curves for the white and black spray paints. The f-k
spectrum obtained using the white spray paint has significantly more noise than that from
the black spray paint. Additionally, the A0 mode can clearly be detected up to
approximately 800 kHz with the added white spray paint and up to 1200 kHz with the
black spray paint. It is noted that the system was able to excite and sense the A0 mode
Lamb wave up to 1200 kHz when honey was used as well, but here the strength of the
curve is slightly better in the higher frequencies.
Because of the caliber of result observed from the black spray paint, liquid acrylic
paint was acquired for additional tests: metallic black acrylic paint (MBAP) and black
outdoor acrylic paint (BOAP). The main differences in the paints are the BOAP liquid is
thinner, boasts weather resistant properties, and has a significantly faster drying time.
Continuing testing on the 0.7 mm Zircaloy 4 plate, initial tests using 1 and 2 layers of
each paint are conducted. The liquid paint is applied using a 0.5” bright paint brush,
where 1-2 full strokes are executed as needed to make sure the paint is evenly spread, to
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create one layer. These stroke(s) are allowed to fully dry before applying an additional
layer. Each layer of paint is approximately 0.01 mm thick. Tests were first run at 30 mJ
which resulted in noisy but promising results, so the f-k spectrum results from 1 and 2
layers of MBAP and BOAP using 40 mJ excitation energy are shown in Figure 3.7.
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Figure 3.7 Additive material on 0.7 mm Zircaloy 4 f-k spectrum from 40 mJ
excitation energy (a) 1 layer MBAP (b) 2 layers MBAP (c) 1 layer BOAP (d) 2 layers
BOAP
We observe that 2 layers of paint versus 1 layer makes a noticeable difference for both
paints where noise is concerned. With two layers of paint, there is relatively little noise
and a strong curve up to 1200 kHz is excited and sensed for both types of black acrylic
paint. The two layers of paint have proved to be the best additive material to enhance the
A0 mode Lamb wave thus far. The paint is inexpensive, easily applied, and easily
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removed. One drawback is that the pulsed laser does cut all the way through the paint by
the end of the test, modeled below in Figure 3.8.

(a)

(b)

Figure 3.8 Damage to paint and plate after PL-SLDV test (a) BOAP (b) MBAP
There are two marks seen in each paint. The left mark is from a test run with 40 mJ
excitation energy and the right mark is from 30 mJ excitation energy. When the paint is
removed there is a visible mark left behind.
Next, we move to metal additives. A small piece of 0.02 mm thick copper foil is
attached to the plate with a drop of M-bond 200. The same pattern of excitation of 30 mJ
being noisy but promising followed for the metal additives, so all results following are
excited with 40 mJ excitation energy. Given below in Figure 3.9a is the f-k spectrum
obtained from performing an experiment on the 0.7 mm Zircaloy 4 plate with additive
material 0.02 mm copper foil on the excitation side of the plate using 40 mJ excitation
energy. The PL cut through the copper foil as well, where the damage from the 40 mJ
excitation energy is visible on the left-hand side of the foil, shown in Figure 3.9b.

A0

(a)

(b)

Figure 3.9 0.02 mm Copper foil as excitation surface enhancement on 0.7 mm
Zircaloy-4 plate (a) foil after 40 mJ excitation energy (b) f-k spectrum
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The A0 dispersion curve obtained from the copper test is stronger at the low frequencies
but is steal unclear after approximately 800 kHz and the spectrum has a substantial
amount of noise.
The second metal enhancement material explored on the specimen is 0.06 mm
thick aluminum tape. As a roll of tape, this aluminum can be cut to the desired size and
placed directly on the material with the adhesive backing possessing enough strength to
attach. Displayed below in Figure 3.10 is the f-k spectrum after a test using the aluminum
tape and 40 mJ excitation energy and a picture of the aluminum tape after the test.

A0

(a)

(b)

Figure 3.10 0.06 mm Aluminum tape as excitation surface enhancement on 0.7 mm
Zircaloy-4 plate (a) foil after 40 mJ excitation energy (b) f-k spectrum
This additive material is the first of the series tested that the PL did not cut through. It is
important to note that identical line scans are used for all the tests, so an area scan with
many times the number of PL hits in the experiment may break through. The tape is very
easy to remove, and no damage was detected on the plate underneath by visual
inspection. For our tests the 0.06 mm aluminum foil enhanced the excitation so that the
A0 dispersion curve is sensed relatively strongly up to 1200 kHz and additionally
protected the specimen from any damage from the PL.
Finally, the last excitation side additive material for the 0.7 mm Zircaloy plate, a
piece of 0.12 aluminum foil, is attached to the plate with a drop of M-bond 200. The f-k
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spectrum results from the test using 40 mJ PL excitation energy and the 0.12 aluminum
foil after the test is displayed below in Figure 3.11.

A0

(b)

(a)

Figure 3.11 0.12 mm Aluminum foil as excitation surface enhancement on 0.7 mm
Zircaloy-4 plate (a) foil after 40 mJ excitation energy (b) f-k spectrum
Note that again the PL did not create a hole in the foil. This is expected as the aluminum
foil is twice as thick as the aluminum tape. When the aluminum foil was removed there
was no damage discerned on the plate from the impact of the laser. The f-k spectrum of
the plate with the aluminum foil as the surface enhancement has minimal noise and a
strong A0 curve that extends to approximately 1200 kHz. This is a vast improvement
from the initial test with no enhancement which resulted in an A0 curve that reached
approximately 600 kHz.
3.5 WIDEBAND EXCITATION ENHANCEMENT VIA SURFACE
ADDITIVES ON 0.6 mm ZIRCALOY-4 PLATE
Next, we took the additive materials that did the best job enhancing the excitation
for the 0.7 mm Zircaloy 4 plate, including the MBAP, 0.06 aluminum tape, and 0.12 mm
aluminum foil, and tested them on the 0.6 mm Zircaloy 4 plate. First up is the paint.
There was a noticeable difference in the excitation enhancement between 1 and 2 layers
of paints, so here we went up to 4 layers to determine if the trend would continue. The f-k
spectrums obtained from 0.6 mm Zircaloy 4 PL-SLDV tests with 2 and 4 layers of
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MBAP on the excitation side of the plate using 40 mJ excitation energy are given below
in Figure 3.12.
Though not as significant a change as between 1 and 2 layers of MBAP, we note that

A0

(a)

A0

(b)

Figure 3.12 Additive material on 0.6 mm Zircaloy-4 f-k spectrum with 40 mJ
excitation energy (a) 2 layers MBAP (b) 4 layers MBAP
with the 4 layers of paint the A0 curve increases in clarity and becomes a more
continuous curve versus the broken-up line resulting from the 2 layers. However, the PL
was able to cut through all 4 layers of paint.
Figure 3.13 below gives the resulting f-k spectrum from 40 mJ excitation with
surface enhancements 0.12 mm aluminum foil and 0.06 mm aluminum tape.

A0

A0

(a)

(b)

Figure 3.13 0.6 mm Zircaloy-4 resulting f-k spectrum from 40 mJ excitation energy
with excitation surface enhancements (a) 0.12 mm aluminum foil (b) 0.06 mm aluminum tape
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The aluminum foil was bonded again with M-bond and the aluminum tape is selfadhesive on one side, so it is directly applied to the plate surface. The tape is very easy to
remove, and when removed, revealed no infliction of damage on the plate from the PL.
We observe from the above figure that the aluminum foil is not as effective as with the
0.7 mm Zircaloy 4 plate and that the tape performed well. Both excited the A0 curve up
to the 1200 kHz mark, but the aluminum tape produced significantly clearer results. This
could be due to change in thickness.
The addition of materials greatly enhanced the excitation of the A0 mode. It is
observed that the curve and the noise abruptly stop at approximately 1200 kHz in all tests
with additive materials in both plates, which is consistent with the range of the velocity
decoder used (VD-09 20 mm/s/V).
3.6 PL DAMAGE STUDY ON 0.6 mm ZIRCALOY-4 PLATE
The goal of the work discussed in this section is to understand how much damage
the PL creates when used directly on the 0.6 mm Zircaloy 4 plate for excitation. In
previous tests where the PL-SLDV system was implemented, a mark was observed on the
surface of the plate where PL contacted the surface, observe Figure 3.14. The laser was
also observed to cut through certain materials, such as the copper foil and multiple layers
of paint, used during the surface enhancement exploration.

(a)

(b)

Figure 3.14 0.7 mm Zircaloy 4 plate damage after 40 mJ excitation energy
horizontal line scan (a) PL impact on bare surface (b) PL with added paint up to 8 layers
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he PL-SLDV excitation and actuation is setup in the opposite side configuration.
Here, the schematic deviates from the first in that the focused line source and scanning
line are rotated so that the scanning line is running in the y direction, shown in Figure
3.15. This is done so that the plate can be moved the same distance, by adding or taking
away a wooden platform, between cycles of creating damage with the PL and attempting
to sense the damage, where the distance between the excitation source and the PL
damage is kept at 40 mm for the sensing.

(a)

(b)

Figure 3.15 Experimental setup using the focused PL-SLDV system (a) actuation
and sensing schematic (b) excitation and damage on 0.6 mm Zircaloy-4 plate
The damage on the plate was created using the PL with the line focusing lens at
an energy of 120 mJ. Initially, increments of 50 hits per session are administered.
Between each session, the plate is shifted up 40 mm in the y direction to align the plate
for sensing. After the sensing, the plate is shifted back down so that the next damage is
applied directly on top of the previous creation. After reaching 500 total hits, the
increment was increased to 100 hits per session and subsequently 500 hits per session
when the total number reached 1000 hits. Figure 3.16 displays the damage inflicted on
the plate at 700, 1000, and the final 3000 hits from the PL.
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(a)

(b)

(c)

Figure 3.17 PL damage at 120 mJ on the 0.6 mm Zircaloy 4 plate at (a) 700 hits (b)
1000 hits (c) 3000 hits
The PL-SLDV system was used to determine if the PL damage could be detected.
Unlike using wideband high frequency Lamb waves for material characterization, low
frequency Lamb waves are required for damage detection due to where reflections are
revealed. The PL was set to 40 mJ excitation energy with the focusing lens and 0.06 mm
aluminum tape was used for surface enhancement. The SLDV sensing parameters were
sampling frequency 25.6 MHz and decoder VD-09 20 mm/s/V. The f-k spectrum and
wavefield for the 700 PL hits are given in Figure 3.17. The wavefield has a white bar
across the bottom up to approximately 5 mm distance because the horizontal scanning
line where the SLDV is set to begin collecting data has the first point placed 5 mm from
the excitation point.
A0
S0

(a)

(b)

Figure 3.16 0.6 mm Zircaloy-4 plate with 700 hits PL damage (a) time-space
wavefield (b) f-k spectrum
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If the damage were to show up, it would do so as a reflection at the 40 mm mark in the
symmetric mode S0 in the wavefield and along the theoretical reflected A0 mode in the fk spectrum. Here the wavefield has a reflection in the bottom left corner, but that could
be from the edge of the plate or a different deformity on the plate unrelated to our focus.
The wavefield and f-k spectrum for 1000 hits of PL damage are displayed in
Figure 3.18.
A0
S0

(a)

(b)

Figure 3.18 0.6 mm Zircaloy-4 plate with 1000 hits PL damage (a) time-space
wavefield (b) f-k spectrum
In the wavefield there is a significant bar of noise at the 40 mm mark, but it is unclear
whether that is from the damage or general noise as there are other smaller noisy sections
throughout i.e. at approximately x=51 mm. There is no significant reflection observed in
the f-k spectrum.
The wavefield and f-k spectrum for 3000 hits of PL damage are displayed in
Figure 3.19. There is still a significant bar of noise at the 40 mm mark in the wavefield,
but there is no significant reflection observed in the f-k spectrum. The damage of the PL
up to 3000 hits is not observed by the wavefield and f-k spectrum obtained from the PLSLDV system. This intimates that the damage looks bad on the surface but does not
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A0
S0

(a)

(b)

Figure 3.19 0.6 Zircaloy-4 plate with 3000 hits PL damage (a) time-space wavefield
(b) f-k spectrum
actually cut deep and is better classified as a gradual burn. Moving forward we will use a
mechanical cut in the material to explore the range of the PL-SLDV system.
3.7 MECHANICAL CUT DAMAGE STUDY ON 0.6 mm ZIRCALOY-4
PLATE
In this section we will explore if a small, mechanically made cut on 0.6 mm
Zircaloy 4 plate can be detected by the PL-SLDV system. This is done to verify that
damage can be detected in the Zircaloy-4 plate using the current setup. The mechanical
cut was created using a Dremel with a 38.1 mm diameter wheel and is shown in Figure
3.20. By measuring the length of the cut, we were able to match the length to the wheel
diameter to determine the cut is 0.3 mm deep.

Figure 3.20 0.3 mm deep mechanical cut made with Dremel tool
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To detect the 0.3 mm deep cut, the laser is directly used to excite Lamb waves in
the low frequency range. We began with low excitation energy tests using no additional

S0

A0

(a)

(b)

Figure 3.21 Damaged 0.6 mm Zircalo-4 plate PL-SLDV scan using 50 mJ
excitation energy and no surface enhancement (a) time-space wavefield (b) f-k spectrum
surface enhancement. At excitation energy 50 mJ, the reflection of the symmetric mode
from the damage can be observed in the time-space wavefield, shown below in Figure
3.21a. Figure 3.21b presents the f-k spectrum from said test.
The reflections from the wavefield are at the expected distance and are faint but
distinguishable, unlike what is most likely noise from the PL surface damage. There are
very, very faint marks that could be the damage along the reflected A0 mode, but unless
you are specifically looking for the damage in the area they would be taken as noise.
Also, while the excitation energy here is higher compared to the earlier scans used for
thickness evaluation, there is no focusing lens used which has the job of intensifying the
laser energy.
Figure 3.22 below gives the wavefield and f-k spectrum of the plate where the
system is set to use 70 mJ excitation energy and no surface enhancement.
Here the symmetric mode reflection is seen more clearly in the wavefield and there are
very light A0 reflections in the f-k spectrum that barely distinguishable enough to not be
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mistaken for noise. Of the tests performed, the 70 mJ excitation energy scan produced the
clearest result.
A0
S0

(a)

(b)

Figure 3.22 Damaged 0.6 mm Zircaloy-4 plate PL-SLDV scan using 70 mJ
excitation energy and no surface enhancement (a) time-space wavefield (b) f-k spectrum
In Section 3.5, excitation surface enhancements through additive materials such as
copper, paint, aluminum foil, etc. were explored to obtain clearer result in high frequency
ranges for material characterization of the 0.6 mm Zircaloy 4 plate. Here the additive
materials that produced the best results, aluminum tape 0.06 mm thick and 2 layers of
acrylic black paint, are used to determine effectiveness when focusing on the lower
frequencies. Figure 3.23 shows the wavefield and f-k spectrum results from adding the
aluminum tape to the excitation side of the plate.

(a)

(b)

Figure 3.23 Damaged 0.6 Zircaloy-4 plate using 140 mJ excitation energy and 0.06
mm aluminum tape excitation surface enhancement (a) time-space wavefield (b) f-k
spectrum
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Tests were done starting at low excitation energies and up to 140 mJ, which is shown in
the figure. For the low frequency test the aluminum tape diminished the clarity of the
results so much that no A0 or S0 modes are visible in the wavefield and there is only the
smallest A0 mode creeping up to 100 kHz in the f-k spectrum.
The results of the highest excitation energy test, 100 mJ, with 2 layers of black
acrylic paint as an excitation surface enhancement are shown below in Figure 3.24.
A0
S0

(a)

(b)

Figure 3.24 Damaged 0.6 Zircaloy-4 plate using 100 mJ excitation energy and 2
layers of black acrylic paint as excitation surface enhancement (a) time-space wavefield
(b) f-k spectrum
There is a bit of reflection visible in the wavefield, but overall, the result is very grainy.
The f-k spectrum has what could be a reflection in the A0 mode, but there is too much
noise, and the wave isn’t strong enough to be sure if it’s a reflection or more noise.
From the performed tests, we found that the PL-SLDV obtained time-space
wavefield was able to detect the 0.3 mm deep damage through reflections in the S0 mode
when using no focusing lens to excite Lamb waves in the low frequency range, and no
surface enhancement. The f-k spectrum did not show clear reflections.
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CHAPTER 4
ULTRATHIN ISOTROPIC MATERIAL
To explore the PL excitation capability on very thin layers of material, an
aluminum 1100 foil with thickness 76 µm and a sheet of 76 µm aluminum 1100 with a 3
µm gold coating layer and 50 nm TiW adhesive layer are tested. The opposite side setup
of the PL-SLDV system, including the line focusing lens, is utilized for the thin layer
tests. Figure 4.1 below shows the composure of the ultrathin foil in the setup. T-slot bars
and clamps are used to mount the foil so that it is completely perpendicular to the
equipment without adding unnecessary tension. This is important because if the foil
bends it can create unwanted reflections and skew results and if it is too tight the material
can experience cracks or tears.
Specimen

Specimen
Focusing Lens

SLDV
SLDV

(a)

(b)

PL

Figure 4.1 SLDV wideband sensing and inspection system setup for PL excited
Lamb waves (a) composure of ultrathin gold coated foil specimen (b) experimental setup
For all thin foil tests, the SLDV sensing settings are set to a sampling frequency of 25.6
MHz, 4096 samples, 10 average, VD-09 20 mm/s/V velocity decoder, and no additive
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materials are used on either excitation or sensing surface for enhancement. The spatial
resolution is decreased from the previous tests on the Zircaloy 4 cladding material
because the ultrathin material results in a much smaller minimum wavelength in the
frequency of interest [10].
4.1 PL-SLDV INSPECTION OF 76 µm ALUMINUM 1100
For the 76 µm aluminum foil, the initial test is run using PL excitation energy 1.3
mJ which is the smallest amount of energy that can be produced, and a spatial resolution
of 0.5 mm. At this excitation level no mark is observed on the surface of the foil after
execution. The results of the initial test are shown in Figure 4.2.

A0

A0

(a)

(b)

Figure 4.2 Initial 1.3 mJ PL excitation on 76 µm Al 1100 with 0.5 spatial resolution
(a) time-space wavefield (b) f-k spectrum
We observe the A0 mode clearly in both the time-space wavefield as well as the f-k
spectrum. The experimentally obtained A0 mode matches clearly with the theoretical
dispersion curve which is important because it validates the experimental curve and
means the experimental curve can be used to identify the material properties when there
is an unknown component. While the A0 mode is clearly visible in both forms of data
representation, the range of the wavenumber in the f-k spectrum is limited by the spatial
resolution used. In order to increase the range of the wavenumber able to be sensed, the
spatial resolution must be decreased due to the smaller minimum wavelength in the
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frequency of interest exhibited by the ultrathin material [1]. Many methods were
employed in efforts to decrease the spatial resolution including altering SLDV
quantitative settings and physically moving the SLDV head closer to the specimen. The
quantitative settings that correspond to the spatial resolution have a set limit and the
SLDV head as an optimal distance for best signal quality which limits the amount of
spatial resolution leeway that can be obtained without sacrificing the grade of the results.
It was finally discovered with help from a Polytec employee that the camera is not only
for visual assistance but is connected to the laser controls. Zooming in using camera
controls allows one to decrease the spatial resolution down to 0.2 mm spatial resolution.
When the 0.2 mm spatial resolution was achieved, the test was repeated at 1.3 mJ
and 2.6 mJ excitation energy. There were no significant improvements with the doubled
excitation energy. The results from the 1.3 mJ excitation energy test are shown below in
Figure 4.3.
A0

A0

(a)

(b)

Figure 4.3 1.3 mJ PL excitation on 76 µm Al 1100 with 0.2 spatial resolution (a)
time-space wavefield (b) f-k spectrum
Here we see the effects of our work to decrease spatial resolution. The wavenumber
range is increased to at least 10 rad/mm. We are able to observe the experimental A0
mode up to 1200 kHz, which is the max frequency range of the decoder, noting its
strength, clarity, and solid match with the theoretical dispersion curve.
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4.1 PL-SLDV INSPECTION OF GOLD COATED ALUMINUM FOIL
The second thin material tested is a 76 µm aluminum 1100 foil which has a 3 µm
gold coating held on by a 50 nm TiW adhesive layer. The A0 theoretical dispersion curve
for the gold coated foil was calculated by Dr. Wenfeng Xiao using the LAMSS method
for composite materials. The calculated A0 mode Lamb wave theoretical dispersion
curves for the 76 µm aluminum foil and the gold coated foil are shown below in Figure
4.4. The full curves are shown on the left and the same curves are shown magnified
towards the higher end of the frequency spectrum to better observe the minute difference
on the right. Based on the calculated curves, we should be able to tell the difference
between the plain aluminum foil and the gold coated foil using the frequency
wavenumber spectrum.

(a)

(b)

Figure 4.4 Lamb wave A0 mode theoretical dispersion curves of 76 µm Al 1100
and 79 µm gold coated Al 1100 (a) full spectrum through 1500 kHz (b) same spectrum
magnified to observe higher frequency range
The coated foil is tested in two ways: first setup has excitation on the aluminum
surface and sensing on the gold coated surface and the second setup is the reverse so that
excitation is on the gold side and sensing on the aluminum. The reason for testing with
the aluminum side subject to excitation first was to work out any kinks and make sure
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any damage to the ultrathin sheet from the PL would be minimal as the gold coating is
fragile.
The initial test replicates the best test of the plain aluminum foil, using 2.6 mJ
excitation energy and 0.2 mm spatial resolution. Results are shown in Figure 4.5. We
observe the frequency wavenumber line is strong but fuzzy, which makes it hard to
pinpoint the exact curve.

A0

A0

(a)

(b)

Figure 4.5 Initial 2.6 mJ PL excitation on aluminum side of ultrathin gold coated
foil (a) time-space wavefield (b) f-k spectrum
It was found through trial and error that physically moving the SLDV head as
close to the sample as possible without sacrificing signal quality in order to minimize the
required amount of camera zoom to reach the desired spatial resolution versus relying
solely on the camera zoom significantly increases the clarity of the gathered data. The
result from the exact same test with altered methods of achieving 0.2 spatial resolution is
shown below in Figure 4.6. We observe the A0 spectrum is clearly visible up to 1200
kHz. Figure 4.6a compares the curve to the theoretical gold coated foil dispersion curve.
The experimental curve clearly does not match the theoretically calculated curve. This
will be explored and the method for calculating the theoretical curve analyzed moving
forward. Figure 4.6b compares the experimental curve from the gold coated foil with the
plain aluminum foil theoretical curve. We saw from the previous section that the 76 µm
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Al 1100 experimental A0 curve matched the theoretical curve very well. Therefore, by
comparing the experimental gold coated curve to the 76 µm Al 1100 theoretical curve we
can conclude the PL-SLDV is capable of detecting a distinction between the two ultrathin
materials.

A0

(a)

A0

(b)

Figure 4.6 2.6 mJ PL excitation on aluminum side of ultrathin gold coated foil f-k
spectrum (a) compared with the theoretical curve for the gold coated foil (b) compared with
the theoretical curve for the 76 µm Al 1100
The second setup tested has PL excitation performed on the gold coated surface
and sensing on the aluminum side. Initial tests start with the lowest excitation energy, 1.3
mJ, and are gradually increased until results begin to clear because lower energies do not
excite as strong of a wave and create a lot of noise. Figure 4.7 presents the results using
the highest excitation energy reached thus far: 5.2 mJ.
A0

A0

(a)

(b)

Figure 4.7 5.2 mJ PL excitation on gold side of ultrathin gold coated aluminum foil
(a) time-space wavefield (b) f-k spectrum
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At 5.2 mJ excitation energy, a relatively strong A0 mode is sensed up to 1200 kHz and no
damage to the specimen is observed from the PL. We observe the same discrepancy
between the theoretical and experimental curves in the f-k spectrum in both setups of the
gold coated foil.
Comparing the two gold coated foil setup results, the A0 mode is much stronger,
with less noise, and needs less energy for excitation when exciting on the aluminum side
and sensing on the gold. A possible reason for this difference is the gap in thermal
conductivity (Au k=301 W/m K and Al 1100 k= 222 W/m K) [19]. The team will explore
the reason for the difference in future research.
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CHAPTER 5
QUASISOTROPIC COMPOSITE MATERIAL
5.1 INITIAL MATERIAL CHARACTERIZATION TESTS OF CFRP PLATE
The developed PL-SLDV wideband system in the opposite side configuration is
also tested on carbon fiber reinforced polymer (CFRP) composite. Applying the
knowledge gained from the previous tests of excitation and sensing enhancement,
wideband sensing enhancement through additive materials and altering SLDV parameters
to achieve clarity in higher frequency ranges (>600 kHz) is implemented. The plate itself
is from Rockwest Composites. It is a 12” x 12” plate with 8 ply layup of [0, 45, 90, 135]s
giving a plate thickness of 0.1”, and has a gloss finish. The fiber type is 34-600 with resin
system NCT 301-1. The plate has a Young’s modulus of 50.52 GPa, shear modulus 2.5
MSI, and density 1550.07 kg/m3.
From the wideband sensing enhancement research with the Zircaloy 4, we learned
that the focusing lens is necessary to reach the high frequency range. Because this is
unexplored territory for our group and the density of composite is much less than metal,
we begin with low energy and remove the line focusing lens for the initial tests. The
SLDV parameters are set to the best previous results which uses the VD-09 20 mm/s/V
decoder. Figures 10a and 10b provide the best results from the initial tests with no lens
using 150 mJ excitation energy. The initial tests are run in the 0° direction which is based
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off the top layer layup where the sensing line runs parallel to the fiber. The results from
the initial test is given below in Figure 5.1.

A0
A1

(a)

(b)

Figure 5.1 Initial composite test using 150 mJ excitation energy with no focusing
lens or enhancement (a) time-space wavefield (b) f-k spectrum
In the time space wavefield, A0 and A1 modes can be seen even though the overall chart
is very grainy. The f-k spectrum has the A0 mode making an appearance at the lowest
frequencies before dissolving into a mass of noise.
In Figure 5.2 we move on to using the focusing lens to intensify the laser and
excite the higher frequency Lamb waves. The use of the lens requires a much lower
frequency; here the 40 mJ excitation energy test is shown.

A0
A0
S0

A1

(a)

(b)

Figure 5.2 Initial composite test using 40 mJ excitation with focusing lens and no
enhancement (a) time-space wavefield (b) f-k spectrum
The wavefield results are slightly clearer and show the two antisymmetric modes
seen before but the f-k spectrum is much clearer with the base antisymmetric and
symmetric modes clearly visible up to 1200 kHz, which is the upper range of the decoder.
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These results are very promising and lead us into enhancement supplementation to
determine if higher frequencies can be obtained.
5.2 WIDEBAND EXICTATION AND SENSING ENHANCEMENT
SUBSECTION FOR CFRP PLATE
From the initial tests we have reinforced the theory of needing the focusing lens to
intensify the laser to excite high frequency Lamb waves, therefore all the following tests
use the lens. Now the focus is to improve the absorption of the excitation energy by
adding material to the excitation surface of the specimen to change the thermal
properties, explore the SLDV decoder options, and add material to the sensing surface of
the specimen to clarify the SLDV laser reflection. Using the best results from previous
surface enhancement tests, the metallic black outdoor acrylic paint, 0.06 mm aluminum
tape, and 0.12 mm aluminum foil are added to the excitation side of the composite plate
and tested using up to 50 mJ excitation energy. The 0.06 mm thick aluminum tape and
0.12 mm aluminum foil provided the best results with the foil slightly outperforming the
tape. Figure 5.3 displays the f-k spectrum for the aluminum tape and the aluminum foil.
For these tests, 50 mJ excitation energy and VD-09 20 mm/s/V decoder are used.

A0

(a)

A0

S0

S0

(b)

Figure 5.3 F-k spectrums of composite tests with excitation surface enhancement
using 50 mJ excitation energy (a) 0.06 mm aluminum tape (b) 0.12 aluminum foil
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In the above figure we observe the A0 and S0 modes in both spectrums and that the
aluminum foil produces significantly less noise in the lower frequency range from 0-500
kHz as compared to the 500-1200 kHz frequency range. The foil serves a double purpose
in that it protects the surface of the composite from any burns from the PL in addition to
the excitation enhancement.
Once determined that the aluminum foil significantly enhances the results and is
the finest of the materials tested, the aluminum foil is applied to all following tests. Next,
the velocity decoders available via the SLDV system are explored with excitation energy
up to 60 mJ excitation energy. The most notable are the velocity decoders VD-09 20
mm/s/V and VD-09 50 mm/s/V which have frequency ranges up to 1.2 MHz and 2 MHz
respectively. Also explored is displacement decoder DD-300, which measures the
displacement of the Lamb waves and has a frequency range up to 20 MHz. Our team
recently started using the displacement decoder to determine if it provides any benefits as
it is not widely used. Figure 5.4 below displays the f-k spectrum results for the three
decoders when using 60 mJ excitation energy. The tests displayed include the aluminum
foil as excitation enhancement and the line focusing lens.

A0

A0

S0

S0

S0

(a)

A0

(b)

(c)

Figure 5.4 F-k spectrums of composite tests using various decoders with 60 mJ
excitation energy (a) VD-09 20 mm/s/V (b) VD-09 50 mm/s/V (c) DD-300
We observe from the above figure that all three decoders clearly produce the A0 and S0
mode. The higher velocity decoder and the displacement decoder reveal additional
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modes. All modes cutoff in the wavenumber range at approximately 5 rad/mm which will
be addressed by adjusting the SLDV spatial resolution in future studies.
Next, the use of sensing surface enhancement by way of reflective tape and
reflective spray is explored. The tape on the plate, reflective spray, and added spray are
shown in Figure 5.5.

(a)

(b)

(c)

Figure 5.5 Sensing surface enhancement (a) reflective tape (b) reflective spray (c)
applied reflective spray
The reflective tape did not adhere well to the surface of the plate. To create the
smoothest connection between the reflective tape and composite surface, a thorough
cleaning was applied to the plate before application and a large plastic edged sheet was
used to smooth out any air bubbles across the tape after. The experiments run using the
reflective additions on the sensing side of the composite plate used 60 mJ excitation

A0

A0

S0

S0

(a)

(b)

Figure 5.6 F-k spectrums of composite tests using sensing surface enhancements
with 60 mJ excitation energy (a) reflective tape (b) reflective spray
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energy, line focusing lens, aluminum foil excitation enhancement, and VD-09 50 mm/s/V
velocity decoder. The f-k spectrums of the tests are given in Figure 5.6. The reflective
tape’s unwillingness to smoothly adhere to the composite material surface is clearly
reflected in the results. The reflective spray successfully enhanced the data gathered. The
f-k spectrum is very clear and shows strong A0 and S0 modes through 1500 kHz where
the dispersion curves are cut off by the wavenumber range.
At this point in the research process, we determined the process for decreasing the
spatial resolution of the SLDV to increase the wavenumber range, which is discussed in
Section 4.1. With the process of physically moving the SLDV head and adjusting the
camera focus, we are able to adjust the spatial resolution from 0.5 mm to 0.2 mm.
Therefore, we repeated the previous test using the aluminum foil as an added excitation
enhancement and 60 mJ excitation energy on the three discussed decoders (VD-09 20
mm/s/V, VD-09 50 mm/s/V, and DD-300) with the addition of the reflective spray on the
sensing surface and the decreased spatial resolution. The resulting f-k spectrums of the
tests for the three decoders are given below in Figure 5.7.

S0

S0

(a)

A0

A0

A0

S0

(b)

(c)

Figure 5.7 F-k spectrums of decoder composite tests using 60 mJ excitation energy
(a) VD-09 20 mm/s/V (b) DD-300 (c) VD-09 50 mm/s/V
From previous SLDV parameter exploration using different materials, we know
VD-09 20 mm/s/V provides the best results of the velocity decoders tested on isotropic
materials. It is found this does not extend to the quasi-isotropic material. We observe the
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VD-09 20 mm/s/V decoder senses the A0 and S0 modes, but only clearly extends to
approximately 1000 kHz, just shy of its full range. The modes sensed by the displacement
decoder are stronger and more continuous than the discussed velocity decoder, reaching
approximately 1200 kHz. Outperforming the decoders tested, the VD-09 50 mm/s/V
strongly sensed the Lamb waves up to 1500 kHz. There will be a challenge for future
work to separate the different modes as they meld together in the higher frequencies
(>1000 kHz) and are indistinguishable by observation alone.
Next, keeping the focusing lens, both surface enhancements, and the decreased
spatial resolution, we increased excitation energy to 80 mJ in an attempt to reach higher
frequencies. We moved forward with the best two decoders: the DD-300 displacement
decoder and the VD-09 50 mm/s/V velocity decoder whose f-k spectrum results are
shown below in Figure 5.8. At the selected excitation energy, the results between the two
decoders are very similar as they have A0 and S0 modes strongly excited through 1500
kHz.

A0

A0
S0

S0

(a)

a)

b)
(b)

Figure 5.8 F-k spectrums of decoder composite tests using 80 mJ excitation energy
(a) DD-300 (b) VD-09 50 mm/s/V
Not shown here, excitation energies up to 120 mJ were tested without
improvement in the results. Overall, it was found that the DD-300 and VD-50 mm/s/V
will sense the base antisymmetric and symmetric modes for the CFRP plate in the 0°
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direction using the PL-SLDV system in high frequency ranges (>800 kHz) up to 1500
kHz.
5.3 PL-SLDV INITIAL EXPLORATION IN NON-ZERO DIRECTIONS
The layup of the composite material affects the attenuation of Lamb waves
through the material. This causes differences in the strength and reach of the Lamb waves
excited and sensed in different degree directions. The first non-zero degree direction
explored is 90°. The best two decoders from the 0° inspection are tested. Figure 5.9 gives
the frequency wavenumber spectrum results of the velocity decoder VD-09 50 mm/s/V
with excitation energies 60 mJ and 80 mJ. Unlike the effects of the energy increase in the
0° direction, this increase did not heavily affect the produced frequency range. The 80 mJ
excitation energy test did produce more continuous dispersion curves, but they do not
extend any further into higher end of the frequency range.

A0

A0
S0

(a)b)

a)

S0
b) b)
(b)

Figure 5.9 F-k spectrums of excitation energy composite tests along the 90°
direction using velocity decoder VD-09 50 mm/s/V (a) 60 mJ (b) 80 mJ
The frequency wavenumber spectrum results with varying excitation energies are
given below in Figure 5.10. Once again, the difference between the 60 mJ and 80 mJ
excitation energy is negligible. Both tests produced A0 and S0 modes up to
approximately 1000 kHz. Using 100 mJ of excitation also produced A0 and S0 modes but
extend to approximately 1200 kHz.
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b)
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Figure 5.10 F-k spectrums of excitation energy composite tests along the 90°
direction using displacement decoder DD-300 (a) 60 mJ (b) 80 mJ (c) 100 mJ
We also ran primary tests in the 30° direction. The f-k spectrum is given below in Figure
5.11. The result shown was run using the displacement decoder DD-300 and 80 mJ
excitation energy. The A0 and S0 modes can be clearly identified and reach the 1000 kHz
frequency mark.

A0

S0

Figure 5.11 F-k spectrum of composite in 30° direction using 80 mJ excitation
energy and displacement decoder DD-300
Of the three directions explored so far, the 0° direction provided Lamb waves
reaching the highest frequencies of up to 1500 kHz, then the 90° direction which go up to
1200 kHz, and finally the 30° direction which only reaches up to 1000 kHz. We will
continue to explore the different degree directions and search to determine how the layup
affects the attenuation in said directions.
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CHAPTER 6
CONCLUSION
NDE plays a critical role in the structural design and maintenance of a wide range
of industries. A need is present for effective NDE techniques to verify the thickness and
confirm the quality and uniformity of layered structures. Ultrasonic guided waves in thinwalled structures, namely Lamb waves, have gained popularity as a NDE method. By
using the ultrasonic waves in conjunction with high spatial resolution multidimensional
wavefield measurements, thickness evaluations for thin metals can be achieved. This
thesis explores the configuration and application of a fully noncontact ultrasonic Lamb
wave NDE system for thickness characterization and evaluation of very thin metal plates,
namely nuclear cladding material Zircaloy-4.
A fully non-contact PL-SLDV NDE system is explored in two experimental
setups: same side and opposite side. The configuration and potential use for thickness
evaluation with the use of Lamb wave dispersion curves are tested with the well-studied
aluminum 2024 T3 material in varying thicknesses less than and equal to 1 mm. It is
found that the same-side and opposite side system configurations provide the same results
in regard to the f-k dispersion curves. The same-side results additionally show a strong
band likely to be a shock wave from a plasma eruption caused by the laser striking the
plate surface. The opposite side configuration is used for all subsequent research in this
thesis. In said opposite side configuration, SLDV wideband sensing of Lamb waves on
Zircaloy 4 nuclear cladding material, ultrathin foils, and a CFRP composite plate are
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demonstrated. For the Zircaloy 4 material, efforts on enhancing SLDV sensing through
parameter investigation and enhancing excitation using surface enhancement materials is
researched to enlarge the extent of the frequency range of the modes produced in the
frequency-wavenumber spectrums (>600 kHz). It is found that the use of 0.12 mm
aluminum foil as an excitation surface enhancement provided the best improvement with
the additional benefit of surface protection from the PL. With the added surface
enhancement, A0 Lamb wave dispersion curves for the Zircaloy-4 material were
achieved up to 1200 kHz. There was concern for the surface damage to the plate from the
PL impact, created from the necessary excitation energy to excite Lamb waves in high
frequencies, so a short preliminary damage detection study was performed on the
Zircaloy-4 plate. The PL-SLDV system was used in the low frequency range for damage
detection of up to 3000 hits from the PL at high energy as well as a 0.3 mm deep
mechanical cut. The results clearly revealed the mechanical cut but not the PL damage,
therefore the preliminary conclusion is the PL damage caused from direct contact with
high energy is a surface burn. Ultrathin foils are tested to determine the range of the
system for thickness evaluation. For the ultrathin foils, the system successfully excites
Lamb waves without damage to the specimen and the A0 mode dispersion curve is
achieved up to 1200 kHz. Finally, to study if the system will work with non-metals, a
CFRP specimen is tested. The PL-SLDV system successfully excites Lamb waves in the
CFRP specimen and the A0 mode is clearly achieved up to 1500 kHz.
Suggested future research includes determining the source of the shock wave
noted in the same side setup results and addressing its appearance. The ultrathin foil
study will continue to determine the reason for the discrepancy between the theoretical
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and experimental dispersion curves. Continue the implementation of the PL-SLDV
system on the CFRP material by working to reach higher frequencies and exploring the
non-zero degree direction. As we are reaching higher frequencies, the Lamb waves
become Rayleigh waves. Research will be needed for how to handle the change and how
to separate Lamb wave modes in higher frequencies. Finally, expand to more materials,
continue efforts to reach higher frequencies, and determine if this method is feasible for
industrial use.
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